Ca-P-O films were prepared by laser CVD using Ca(dpm) 2 and (C 6 H 5 O) 3 PO metal organic precursors. The crystal phase of Ca-P-O films changed depending on deposition temperature (T dep ), total pressure (P tot ), laser power (P L ) and molar ratio of Ca to P (R Ca/P ). -TCP films in a single phase were obtained in a P-rich and high T dep region, while HAp films in a single phase were obtained in a Ca-rich and low T dep region. The -TCP films had a (220) orientation with an elongated and angular roof-shaped surface texture, whereas HAp films had a (300) orientation with a granular surface texture. Both the -TCP film and the HAp film had a dense cross section. The Ca-P-O films were immersed in a Hanks' solution for 6 h to 7 d. Particle-shaped precipitates were observed on the -TCP and HAp films after 3 d immersion. Needle-shaped precipitates covered the whole surface of HAp film after 7 d immersion.
Introduction
Ti and its alloys have been widely used in artificial implants such as artificial hip joints and teeth implants because of their good mechanical properties, corrosion resistance and biocompatibility. 1, 2) However, it takes more than 3 months for Ti alloys to adhere to bones. 3, 4) In order to shorten the adherence time, bio-ceramic films on implants have been widely investigated by using sol-gel, 5, 6) plasma spray, 7, 8) sputtering 9, 10) and an alkali heating process. 11, 12) Chemical vapor deposition (CVD) is advantageous to obtain a wide range of films at a relatively high deposition rate with good morphology controllability and good adherence to substrates, as commonly demonstrated in the preparation of TiO 2 13) and ZrO 2 14) films. In our previous work, we prepared calcium titanate (CaTiO 3 ), 15) -tricalcium phosphate (-Ca 3 (PO 4 ) 2 , -TCP) and hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAp) 16) films by MOCVD and immersed them in a pseudo body fluid to investigate apatite regeneration behavior. 17, 18) In the case of CaTiO 3 films, the apatite regeneration rate significantly depended on the surface morphology of films, and the nucleation of apatite occurred at hollow places on the film surface. However, in the case of -TCP and HAp films prepared by MOCVD, a smooth and dense microstructure was obtained. If Ca-P-O films had a more complicated surface morphology, the precipitation would be more promoted.
We have previously reported the use of the laser chemical vapor deposition (LCVD) process to prepare Ca-P-O films on alumina substrates. 19 ) -TCP and HAp films in a single phase were obtained and their surface morphology had a more complicated texture compared with those prepared by MOCVD, where -TCP film had orientations of (290) and (400), while HAp film showed orientations of (002) and (300) when the deposition conditions were changed.
In the present study, Ca-P-O films were prepared on CP-Ti substrates by LCVD, and the precipitate regeneration behavior on the Ca-P-O films prepared on CP-Ti substrates by LCVD was studied in a Hanks' solution.
Experimental Procedures
Ca-P-O films were prepared by a vertical cold-wall type LCVD apparatus. Figure 1 is a schematic of the LCVD apparatus. Ca(dpm) 2 (bis-dipivaloylmethanato-calcium) and (C 6 H 5 O) 3 PO (triphenylphosphate) precursor powders were evaporated at 523 to 573 and 493 to 533 K, respectively. The molar ratio of Ca to P (R Ca/P ) was controlled by changing the evaporation temperature (T eva ). The precursor vapors were carried into the reactor by Ar gas. O 2 gas was separately introduced by a double-tube nozzle. The total gas flow rate (FR tot ¼ FR Ar þ FR O 2 ) was fixed at 3:33 Â 10 À6 m 3 s À1 . The substrate was pre-heated (T pre ) at 673 to 873 K. The total pressure (P tot ) in the CVD reactor was kept at 0.6 kPa. A Nd:YAG laser (wavelength, ¼ 1064 nm) was irradiated to a substrate through a quartz window. The size of the laser beam was expanded by an optic lens to about 15 mm in diameter. The laser power (P L ) was changed from 0 to 200 W. A commercially pure titanium (CP-Ti) plate (10 Â 10 Â 1:0 mm) was used as a substrate. A thermocouple was inserted into a pre-cut slot at the backside to measure deposition temperature (T dep ). The distance between the nozzle and the substrate was fixed at 20 mm. The deposition conditions are summarized in detail in Table 1 . The crystal structure of the films was analyzed by X-ray diffraction (XRD). The microstructure and thickness were examined by scanning electron microscopy (SEM). Precipitation behavior on Ca-P-O film was investigated by an immersion test in a Hanks' solution for 6 h to 7 d. The composition of the Hanks' solution is listed in Table 2 . Figure 2 shows the relationship between P L and T dep for Al 2 O 3 and CP-Ti substrates. The T dep increased with increasing P L and the T dep of CP-Ti substrate was slightly higher than that of the Al 2 O 3 substrate. This may have been caused by the laser absorbance of CP-Ti being higher than that of Al 2 O 3 . 20, 21) Since the surface of the CP-Ti substrate was partially melted at P L > 50 W, the deposition of Ca-P-O films on the CP-Ti substrates was conducted at P L 50 W. Figure 3 shows the relationship between the evaporation rate of precursors (R eva ) and the T dep of CP-Ti substrate. The T dep increased with increasing P L under the same T pre . However, the T dep was almost independent of R eva . We have previously reported that plasma appeared around the substrate due to the interaction between laser emission and exothermic chemical reactions between precursor vapors and O 2 gas. The plasma combined with the laser emission to the substrate caused the temperature increase from T pre to T dep . Since the P L was small at less than 50 W, the temperature increase (ÁT ¼ T dep À T pre ) was 100 to 200 K, almost independent of R eva . Figure 4 shows a CVD phase diagram of Ca-P-O films prepared on CP-Ti substrate at P L ¼ 30 W and P tot ¼ 0:6 kPa. At T dep > 850 K and R Ca/P < 0:45, mixed phases of HAp and -TCP were obtained. At T dep ¼ 750 to 850 K, R Ca/P < 0:45 and at T dep > 850 K, R Ca/P ¼ 0:45 to 0.6, HAp films in a single phase were obtained, whereas at R Ca/P > 0:6, mixed phases of HAp and tetracalcium phosphate (TTCP, Ca 4 (PO 4 ) 2 O) or those of HAp and CaO were obtained. A CaO phase tended to be co-deposited in a low T dep region. Figure 5 shows a CVD phase diagram of Ca-P-O films prepared on a CP-Ti substrate at P L ¼ 50 W and P tot ¼ 0:6 kPa. At T dep > 900 K and R Ca/P < 0:4, -TCP in a single phase was obtained. At T dep > 900 K, R Ca/P ¼ 0:4 to 1.0 and at T dep < 900 K, R Ca/P < 0:45, a mixed phase of -TCP and HAp was obtained. At T dep > 900 K, R Ca/P > 1:0 and T dep < 900 K, R Ca/P > 0:45, HAp in a single phase was obtained. Comparing with Fig. 4 , CaO and TTCP were not identified at P L ¼ 50 W. In general, CaO cannot react with P-compounds at a low temperature probably less than T dep ¼ 800 K as can be seen from Fig. 4 . At P L ¼ 50 W, due to the high P L , the T dep was always more than 800 K and then no CaO was identified. The reactivity of P-compounds with CaO is rather low. Due to higher excitation in higher P L , the P richer compounds could be likely to form at higher P L . This may be On the other hand, the deposited phases in the present LCVD were significantly affected by P L , suggesting that the laser itself affected the deposited phase due to photochemical effects. Figure 6 shows XRD patterns of -TCP and HAp films prepared on CP-Ti substrate at P L ¼ 50 W and P tot ¼ 0:6 kPa. The lattice parameters of -TCP film were a ¼ 1:042 and c ¼ 3:731 nm, almost in agreement with the literature data of -TCP (hexagonal, a ¼ 1:0429 and c ¼ 3:738 nm). 22) The lattice parameters of HAp (a ¼ 0:946 and c ¼ 0:687 nm) were also close to the values of HAp films prepared by MOCVD. 19 ) -TCP and HAp films had significant orientations of (220) and (300), respectively. Figure 7 shows the surface morphology of -TCP and HAp films prepared on CP-Ti substrate at P L ¼ 50 W and P tot ¼ 0:6 kPa. The surface morphology of -TCP film showed an elongated and angular roof-shaped texture that is often observed in (110)-oriented films (Fig. 7(a) ). The cross-sectional morphology of -TCP had a dense texture 10 mm in thickness. The surface morphology of HAp film had a granular texture 3 mm in diameter (Fig. 7(b) ), similar to that of HAp film prepared on Al 2 O 3 substrate by laser CVD, as previously reported. 19) The cross-sectional morphology of HAp film also had a dense texture. Figure 8 shows the surface morphology of -TCP film prepared on CP-Ti substrate at P L ¼ 50 W and P tot ¼ 0:6 kPa before and after immersion in a Hanks' solution. Almost no changes were observed until 24 h of immersion (Fig. 8(b),  (c) ). The edges of the roof-shaped crystals in the -TCP film became round after 3 d (Fig. 8(d) ). It is known that -TCP may dissolute in a simulated body fluid more than HAp. 23) The microstructure change may be related to the dissolution of -TCP film. Spherical particles were preferentially precipitated at hollow places on the -TCP film after 3 d (Fig. 8(d) ). In our previous study, similar precipitates were observed on -TCP films prepared by MOCVD after 18) The precipitates grew with time, and finally identified as hydroxyapatite by XRD after immersion for 14 d. In the present study, the precipitates were too small to be determined by XRD, but analyzed as a Ca-P-O compound by energy-dispersive X-ray spectroscopy (EDS). The Ca/P molar ratio were rather scattered in the range between 1.1 and 1.4 due to too small sizes. These precipitates may be a kind of embryo or perform of apatite. Figure 9 shows the surface morphology of HAp film prepared on CP-Ti substrate at P L ¼ 50 W and P tot ¼ 0:6 kPa before and after immersion in a Hanks' solution. No changes were observed until 24 h of immersion ( Fig. 9(b), (c) ). Spherical particles were preferentially precipitated along the grain boundaries of cone texture in the HAp film after 3 d (Fig. 9(d) ). Sugino et al. studied the hydroxyapatite regeneration on two pieces of pre-oxidized V-shaped Ti plates changing the distance between the Ti plates. [24] [25] [26] They demonstrated the regeneration of hydroxyapatite on both facing Ti surfaces after immersing in a simulated body fluid. The regeneration of hydroxyapatite strongly depended on the distance, and was significant at a narrow spacing less than 0.6 mm. In the present study, the regeneration at a narrow space such as the boundaries of cone texture was evident as shown in Fig. 9(d) . After 7 d, needle-like precipitates wholly covered the surface of HAp films (Fig. 9(e) ). For both of the MOCVD and LCVD HAp films, the precipitates were formed preferentially at the grain boundaries. However, the regenerated precipitates wholly covered the MOCVD HAp films within 6 h, which was much faster than that of LCVD HAp films. MOCVD HAp films consisted of granular grains in sub-micron size whereas LCVD HAp films composed of large grains 1 to 3 mm in size. The LCVD HAp grains had a flat surface probably due to high crystallinity. In our previous studies on the MOCVD CaTiO 3 films, the regeneration rate of hydroxyapatite on a complicated surface was much faster than that on a flat surface. The flat surface of large grains with high crystallinity of LCVD HAp films might have resulted in a slow regeneration rate.
Results and Discussion

Conclusion
Ca-P-O films were prepared on a CP-Ti substrate by LCVD. -TCP films in a single phase were obtained at T dep > 900 K, R Ca/P < 0:4 and P L ¼ 50 W, while HAp films in a single phase were obtained at P L ¼ 50 W, T dep > 900 K, R Ca/P > 1:0 and T dep < 900 K, R Ca/P > 0:45. The surface morphology of -TCP films showed an elongated and angular roof-shaped texture with a (220) orientation. The surface morphology of HAp films had a granular texture with a (300) orientation. Spherical apatite crystals were regenerated at hollow places on -TCP and HAp films after 3 d. Needlelike apatite crystals covered the whole surface of HAp films after 7 d. 
